We examine the performance of the so-called electron output scheme recently proposed by the Novosibirsk group [l]. In this scheme, the key role of the FEL oscillat,or is to induce bunching, while an external undulator, called the radiator, then outcouples the bunched electron beam to optical energy via coherent emission. The level of the intracavity power in the oscillator is kept low by employing a transverse optical klystron (TOK) configuration, thus avoiding excessive thermal loading on the cavity mirrors. Time-dependent effects are important in the operation of the electron output scheme because high gain in the TOK oscillator leads to to sideband instabilities and chaotic behavior. We have carried out an extensive simulation study by using 1D and 2D time-dependent codes and find that proper control of the oscillator cavity detuning and cavity loss results in high output bunching with a narrow spectral bandwidth. Large cavity detuning in the oscillator and tapering of the radiator undulator is necessary for the optimum output power.
I. Introduction
Recently, the Novosibirsk group [l] has proposed a novel outcoupling scheme, called the electron output scheme, for high power FEL application. In this approach, shown schematically in Fig. 1 , the role of the FEL oscillator is to induce the bunching of the electron beams at low optical power, while outcoupling is achieved by extracting the bunched electron beam out of the oscillator via an achromatic transport into a single pass undulator, called the radiator, where it generates intense coherent, radiation. The main advantage of the scheme is that the oscillator can be operated at a low intracavity power level by employing a transverse optical klystron(T0K) configuration. This consequently avoids excessive thermal loading on the cavity mirrors. Figure 1 shows a TOK configuration consisting of three undulators and two dispersive sections.
The SELENE proposal [2] employs this scheme with a goal of a high power FEL serving as a ground-based power source for several space applications. Previous, timeindependent simulation studiesl3, 41 of the SELENE proposal indicated that the radiator output power could be as great as 500 times the oscillator intracavity power.
The fact that intracavity power can be made small in an optical klystron oscillator can be understood from the fact that the effective length L,ff of the undulator increases due to the inclusion of the dispersive sections and that the synchrotron oscillation frequency is proportional to the fourth power of the intracavity power. Since an FEL oscillator with low-to-moderate single pass gain reaches saturation when the beam particles execute about one half of synchrotron rotation, one would expect that P oc Li,!f.
On the other hand, the dispersive sections also increase the single pass gain, which lowers the threshold for the onset of the sideband instability. This instability induces significant temporal fluctuations on the outgoing electron beam which should be avoided for the steady-state operation in the final radiator. To counter this instability, one detunes the cavity length and/or increases the single pass cavit,y loss, which can be treated only in the timedependent approach. Another source of time-dependent phenomena occurs when the pulse length of the electron beam is comparable to the slippage distance in the FEL oscillator (which is increased by the inclusion of the two dispersive sections). Hence, we believe it is important to carry out time-dependent simulations for a reliable evaluation of the electron outcoupling scheme.
In order to explore all these effects plus those due to instantaneous energy spread, emittance, and diffraction (all of which reduce gain), we have carried out 1-and 2-D, timedependent, simulations with the FELlD[G] and GINGER [7] codes. Our goal was temporally stable, low power operation within the oscillator while simultaneously obtaining the high output bunching of the electron beam required for high power radiator performance.
Oscillator Simulation Results
For our study, we have chosen parameters corresponding to the current, Novosibirsk experiment [l] consisting of three helical undulators, each with 40 periods of 9-cm period length (a, x 1.2), separated by two dispersive sections (see Fig. 1 ).
It is well known[6, 51 that cavity detuning and mirror losses play a crucial role for short-pulse FEL oscillators in determining the output spectrum, which can range from a multi-mode chaotic state to a (preferred) single mode stationary state, in between which lies the LCO (limit-cycle oscillation) state [6] . reduction suggests that one must be careful in minimizing the instantaneous energy spread (and output beam emittance if operation at short wavelengths is desired) from the accelerator and transport sections to the undulator. The 2D simulations resulted in stationary states with average output bunching values of z 0.35 for appropriate values of 6L, which are about a factor of two smaller than for the 1D runs due to the lower gain per pass. When -6L is too small (equivalent to too small a cavity loss), the trapped particle instability becomes evident after 30 passes or so. In the high current (i.e. high gain) regime, the intracavity power and average bunching can show different sensi-' tivity to D. For small cavity loss values, as D increases, the average bunching in stationary states decreases as shown in Fig. 3 in contrast to current, high single pass gain regime is that the number of passes necessary to reach nominal power saturation is less than that necessary to reach the single-mode, stationary state. In the low current regime, the situation is reversed. Furthermore, we have noticed that while the start point (in pass number) of the stationary state increases in the low gain regime as the cavity detuning increases, i t decreases in the high gain regime. In order to utilize the advantages of the dispersive sections for high current cases, we found i t necessary to increase the single pass cavity losses to 80%. As shown in Fig. 4 , the sensitivity to D and b L then becomes quite similar to what was found in the low gain, low current regime. More importantly, the output electron beam is now well bunched for good energy extraction in the radiator undulator.
Radiator Simulation Results
We modeled the time-dependent ratliator performance using as our initial condition the birnched electron heam from the low gain oscillator and a zero amplitude laser signal. cavity losses where D = 0.2 and 6L = -5OX, were adjusted to achieve a stationary output state from the oscillator. Both untapered and tapered undulators were considered. For the latter, a simple 5% linear taper in a, began after IV, = 55 which increased the power by a factor of 5 and strongly suppressed sideband growth and narrowed the output spectrum. The average output power of 156 MW corresponds to an extraction efficiency of 3.0%. These results illiistrates the possible advantages of a taper; it may well be possible to increase the output power another factor of two or greater by a more optimal tapering strategy. We also note that an additional dispersive section could be placed between the oscillator and radiator which may further improve the radiator performance.
IV. Conclusion
In summary, we have the following observations. The electron output scheme works quite well for systems with moderate single pass gain. In this case, one can optimize output, bunching and limit, intracavity power in the oscillator by judicious choice of cavity detuning and dispersive section st,rengths. The oscillator then operates in a stationary mode with a narrow spectrum without sidebands and large energy extraction is possible from the radiator. Systems with high intrinsic single pass gain may require additional modifications such as large single pass cavity losses before stable, low power oscillator operation is possible.
